Long-Term Solar Energy Storage under Ambient Conditions in a MOF-Based Solid–Solid Phase-Change Material by Griffiths, Kieran et al.
Long-Term Solar Energy Storage under Ambient Conditions in a 
MOF-Based Solid-Solid Phase Change Material 
Kieran Griffiths1, Nathan R. Halcovitch1, John M. Griffin1,2* 
1. Department of Chemistry, Lancaster University, Lancaster, LA1 4YB, UK 
2. Materials Science Institute, Lancaster University, Lancaster, LA1 4YB, UK 
 
ABSTRACT: This paper describes the demonstration of a metal-organic framework (MOF) containing photoswitches within 
the pores as a hybrid solar thermal fuel (STF) and solid-solid phase change material (ss-PCM). A series of azobenzene-
loaded metal-organic frameworks were synthesised with the general formula Zn2(BDC)2(DABCO)(AB)x (BDC = 1,4-ben-
zenedicarboxylate, DABCO = 1,4-diazabicyclo[2.2.2]octane, AB=azobenzene; where x = 1.0, 0.9, 0.5, 0.3), herein named 
1⊃AB1.0, 1⊃AB0.9, 1⊃AB0.5, 1⊃AB0.3 respectively. X-ray powder diffraction, solid-state NMR and DFT calculations were used 
to explore in detail the structural changes of the host framework that take place upon loading with the AB guest molecules. 
Differential scanning calorimetry measurements reveal a reversible phase change which is absent from the evacuated frame-
work. Upon irradiation with 365 nm light, 40% of the AB guests converted from the trans to the higher-energy cis isomeric 
form in 1⊃AB1.0. The energy stored within the metastable cis isomers is released upon heating and balances the endotherm 
associated with the phase transition. However, the exotherm associated with the phase transition is retained upon cooling, 
resulting in a net energy release over a full heating-cooling cycle. The maximum energy density is observed for the fully-
loaded composite 1⊃AB1.0 which releases 28.9 J g-1. In addition, the cis-AB guests in this composite showed negligible ther-
mal reconversion during four months at ambient temperature, with an estimated energy storage half-life of 4.5 years. Fur-
ther development of MOF-based STF-ss-PCMs could lead to applications for solar energy conversion and storage, and ther-
mal management. 
1. INTRODUCTION 
The development of technologies for thermal energy 
storage and management is crucial to support the global 
move towards renewable energy sources. Phase-change 
materials (PCMs) have the potential to store unwanted 
thermal energy thus providing passive cooling, and this en-
ergy can be released later for heating applications. PCMs 
are in general low cost, have tuneable operating tempera-
ture intervals and often have high energy storage density.1–
4 Solid-solid PCMs (ss-PCMs) are particularly sought-after 
because of their potential for high volumetric energy den-
sity and also because they avoid the complications of large 
changes in physical properties such as volume expansion, 
vapour pressure increases, leakage and undesired surface 
reactions that can be associated with solid-liquid PCMs.5–8 
A variety of different materials have been demonstrated as 
solid-solid PCMs, but recent reports are predominantly fo-
cused on polyurethanes9–11 or copolymerisation strategies 
based on either polyurethane12–15 or polyethylene glycol.16–
20 However, a common feature of most PCMs is the require-
ment to maintain the material at elevated temperature 
while energy is stored. This requirement limits the appli-
cation of PCMs for long-term energy storage due to the 
need for constant energy input, even where effective ther-
mal insulation is used. 
An alternative technology that is well suited for long-
term storage of thermal energy is solar thermal fuels 
(STFs).21,22 In STFs, solar energy is stored through light-in-
duced changes in the structures of molecular pho-
toswitches to a metastable state, and the stored energy is 
released in the form of heat when the photoswitches un-
dergo reconversion to the ground-state structure. The pho-
toswitch is chosen such that the metastable form has an 
appropriately long half-life under ambient conditions and 
thus the energy can be stored for long periods and released 
when desired through the application of a small light or 
heat trigger. Several classes of molecule have been exam-
ined for use as STF materials recently such as anthra-
cenes,23 norbornadienes24–27 and azobenzene (AB) deriva-
tives.21,28–32 In a landmark example, AB molecules were tem-
plated onto carbon nanotubes and this arrangement was 
shown to achieve volumetric energy density similar to lith-
ium ion batteries.33,34  
In principle, it should be possible to combine the proper-
ties of ss-PCMs and STFs to design hybrid materials that 
can store solar energy for long periods at ambient temper-
atures and release it on demand as heat. Indeed, the con-
cept of optical regulation of PCMs has been demonstrated 
previously whereby AB derivatives were used to trigger so-
lidification in liquid-solid PCMs.35 However, for solid-solid 
systems, a key challenge is that the photochemical conver-
sion between isomers in the solid-state is usually pre-
vented due to dense crystalline packing or steric effects. A 
 
possible solution is to incorporate the molecular pho-
toswitches within a porous structure such that they are 
confined but still have sufficient steric freedom to isomer-
ise. Metal-organic frameworks (MOFs) are one class of po-
rous materials ideally suited to host photo-switchable 
guest molecules and they have the inherent porosity re-
quired to provide a well-defined void space where photo-
switches can isomerise. Furthermore, certain MOFs 
demonstrate solid-solid phase transitions36,37 often these 
transitions are referred to as ‘breathing’ because they in-
volve a change in the pore volume. Typically breathing is 
induced upon guest-absorption into the pores of the mate-
rial, however, in some cases it is induced thermally, raising 
the possibility of exploiting this for energy storage applica-
tions. Furthermore, since framework breathing signifi-
cantly changes the space available within the pores, this 
phenomenon could be exploited to control or trigger isom-
erisation of guest species where significant changes in mo-
lecular geometry are required.  
One example of a breathable MOF is 
[ZnII2(BDC)2(DABCO)] (BDC = 1,4-benzenedicarboxylate, 
DABCO = 1,4-diazabicyclo[2.2.2]octane (1),37–40where 2D 
layers are formed by paddle wheels composed of divalent 
metal cations, and are bridged by BDC linkers. The layers 
are pillared by DABCO to form a 3D framework. 1 has been 
previously loaded with photochromic molecules, including 
AB,41 dithienylethene,42 and 2-phenylazopyridine.43 Upon 
loading with trans-AB, Kitagawa and coworkers41 showed 
that there is a guest-induced contraction of the unit-cell 
and a distortion of the 2D grid. Exposure to UV light results 
in a guest-induced structural expansion caused by isomer-
isation of a proportion of trans-AB to the metastable cis 
isomer. Up to 80% of the initial light-induced population 
of the cis isomer was retained after 30 days at ambient tem-
perature, suggesting promising properties for long term 
energy storage, comparable to the most stable AB-based 
STFs.21 The energy difference between cis and trans-AB iso-
mers is approximately 50 kJ mol–1.32,33 Assuming a loading 
of one AB molecule per formula unit of 1, the theoretical 
energy density of this system may be up to 66 J g-1 depend-
ing on the photostationary state achieved. However, the 
structures and behaviour of AB within the pores of 1 are 
not well understood and the thermal properties resulting 
from the photoswitching of the guest species and breath-
ing of the framework have not yet been studied. 
In this work, we report the synthesis and detailed char-
acterisation of the structural and thermal properties of a 
series MOF-AB composites with different loading levels of 
AB: Zn2(BDC)2(DABCO)(AB)x (where x = 1.0, 0.9, 0.5, 0.3), 
herein named 1⊃AB1.0, 1⊃AB0.9, 1⊃AB0.5, 1⊃AB0.3 respec-
tively. Solid-state NMR and X-ray powder diffraction 
(XRPD) have been used in tandem to understand the struc-
tural changes the 1⊃ABx composites undergo as a function 
of loading and when exposed to UV light. DSC has also 
been used to quantify the onset temperature and thermal 
energy associated with a structural phase transition, and 
the thermally-triggered reconversion from cis- to trans-AB 
in these systems. We find that this model system exhibits 
a thermal energy density comparable to other inorganic ss-
PCMs, demonstrating that with further development 
MOF-based ss-PCMs may be viable candidates for long-
term solar thermal energy storage and thermal manage-
ment. 
 
2. EXPERIMENTAL SECTION 
Synthesis of 1. All reagents were obtained from Fluo-
rochem and used without further purification. 
Zn2(BDC)2(DABCO) (1) was synthesised according to pre-
viously reported synthetic procedures.44 Zn(NO3)2•6H2O 
(0.5 g, 1.68 mmol) was sonicated in N,N-dimethylforma-
mide (DMF, 20 mL) until fully dissolved, 1,4-dibenzend-
icarboxylic acid (0.28 g, 1.68 mmol) and DABCO (0.093 g, 
0.84 mmol) were then added. The reactant solution was 
placed in a stainless-steel autoclave (Parr) with a Teflon 
lining with a 50 mL capacity. The solution was heated at 
120 °C for 48 h and left to cool to room temperature. The 
colourless crystals were collected via vacuum filtration and 
washed with DMF (3 x 30 mL) before drying under ambient 
conditions. 
Loading of 1 with AB. Samples of 1 were loaded with AB 
using a previously published melt-infiltration procedure.41 
As-prepared samples of 1 were first heated at 120 °C under 
vacuum for 24 h to remove DMF solvent molecules. 300 mg 
of the evacuated material was then mixed with a defined 
mass of trans-AB and heated at 120 °C for between 1 - 6 h. 
Excess AB was removed by heating at 120 °C under vacuum 
for between 1 - 6 h.  
Quantification of loading level by UV-Vis spectros-
copy. UV-Vis data was collected on a Cary 60 UV/VIS spec-
trophotometer with a quartz cell (3 mL) within a 200-600 
nm range. A calibration curve with known concentrations 
of trans-AB was constructed (S2). AB was extracted from 
1⊃ABx (50 mg) using MeOH (10 mL x 4) and the filtrate was 
collected. The orange filtrate was combined, and the solu-
tion was diluted to a volume of 50 mL. 
Quantification of loading level by acid digestion and 
1H NMR spectroscopy. 10 mg of 1⊃ABx was suspended in 
DCl (1.5 mL) and DMSO-d6 (1.5 mL) and placed in a stain-
less-steel autoclave (Parr) with a Teflon lining with a 50 mL 
capacity. The suspension was heated for 12 h at 100 °C to 
yield a transparent solution. A Bruker Avance III 400 NMR 
spectrometer with a 5 mm 1H-X broadband observe probe 
was used to collected 1H NMR data. The 1H NMR spectrum 
of the solution was taken and the ratio between DABCO, 
BDC and trans-AB was determined from the integration of 
characteristic 1H resonances.  
Photostationary state determination of irradiated 
1⊃ABx composites. 25 mg of 1⊃ABx was suspended in 
MeOH-d4 (0.5 mL) in an Eppendorf and shaken. The Ep-
pendorf was centrifuged to separate the solid from the so-
lution. A Bruker Avance III 400 NMR spectrometer with a 
5 mm 1H-X broadband observe probe was used to collect 1H 
NMR data. The population ratio of trans-AB and cis-AB 
isomers was determined from integration of trans and cis 
resonances in the 1H NMR spectrum based on literature 
values. The remaining solid was digested in DCl (1.5 mL) 
 
and DMSO-d6 (1.5 mL) and placed in a stainless-steel auto-
clave (Parr) with a Teflon lining with a 50 mL capacity. The 
suspension was heated for 12 h at 100 °C to yield a transpar-
ent solution. The 1H NMR spectrum of the solution was 
taken, and no residual trans-AB or cis-AB resonances were 
detected. The process was repeated three separate times 
and cis/trans ratios were consistent.  
UV light irradiation procedure. Samples were irradi-
ated with an OmniCure LX5 LED Head with a power of 425 
mW and a 3 mm focusing lens. 50 mg of finely ground 
1⊃ABx was spread homogenously over a microscope slide. 
The powder was spread into a circle with a 1 cm radius 
which was approximately 0.5 mm thick so that irradiation 
was approximately uniform. The slide was placed under 
365 nm light at a distance of 5 cm. The beam was set to 50% 
intensity and exposed for a fixed duration. The sample was 
incrementally agitated to allow all particulates to be ex-
posed to the beam.  
Solid-state NMR. Solid-state NMR experiments were 
performed on Bruker Avance III HD spectrometer operat-
ing at magnetic field strength of 16.4 T, corresponding to 
1H and 13C Larmor frequencies of 700 and 176 MHz, respec-
tively. Spectra are referenced relative to tetramethylsilane 
(13C / 1H) using the CH3 (1H = 1.1 ppm; 13C = 20.5 ppm) reso-
nances of L-alanine as a secondary reference. 13C NMR 
spectra were recorded at a magic-angle spinning (MAS) 
rate of 16.0 kHz using cross polarization (CP) to transfer 
magnetization from 1H with a contact time of 3 ms. The CP 
pulse was ramped linearly from 70 – 100% power. 1H het-
eronuclear decoupling using two-pulse phase modulation 
(TPPM)45 with a pulse length of 4.8 µs and a radiofrequency 
field strength of 100 kHz was applied during acquisition. 
Spectra are the sum of 512 transients separated by a recycle 
interval of 10 s. The sample temperature in variable-tem-
perature experiments was calibrated using Pb(NO3)2.46 
XRPD. X-ray powder diffraction (XRPD) patterns were 
measured with a Rigaku SmartLab X-ray diffractometer 
with a 9 kW rotating anode Cu-source equipped with a 
high-resolution Vertical θ/θ 4-Circle Goniometer and 
D/teX-ULTRA 250 High-Speed Position-Sensitive Detector 
System in reflectance mode. The system was configured 
with parallel-beam optics and a Ge(220) 2 bounce mono-
chromator on the incident side. Powdered solid samples 
were prepared on glass slides. The measurements were per-
formed as θ/2θ scans with a step size of 0.01 degrees. 
Density Functional Theory Calculations. First-princi-
ples calculations of NMR parameters were carried out un-
der periodic boundary conditions using the CASTEP code47 
employing the gauge-including projector augmented wave 
(GIPAW) algorithm.48 Prior to calculation of the NMR pa-
rameters, structures were fully geometry optimised, with 
all atomic positions to vary. For calculations on guest-free 
frameworks, the input atomic coordinates were taken from 
literature structures with the guest molecule atoms de-
leted. 7 The structures were then optimized while keeping 
the unit cell parameters fixed to the experimental values. 
Atomic coordinates for optimized structures are given as 
cif files in Supporting Information. Single-molecule calcu-
lations were carried out in a 20 × 20 × 20 Å cell with fixed 
cell parameters to ensure molecules remained isolated 
from periodic replicas. The initial molecular models for 
these calculations were constructed using GaussView soft-
ware before being optimized within CASTEP. Full details 
are given in Supporting Information (DFT Calculation De-
tails). 
 
2. RESULTS AND DISCUSSION 
3.1. Guest-induced breathing of 1⊃ABx. To explore the 
structural changes upon incorporation of AB guests within 
the pores of 1, a series of samples was synthesised with dif-
ferent loading levels of trans-AB (S1). Samples are hereafter 
referred to as 1⊃ABx where x represents the stoichiometric 
ratio of AB molecules to the formula unit of 1. A value of x 
= 1 is equivalent to one AB molecule per pore. The loading 
level was varied by changing the mass of AB relative to the 
mass of 1 used in the melt infiltration procedure, and was 
quantified by solvent extraction of the guests followed by 
UV-Vis spectroscopy (S2 and S3), as well as by digestion 
followed by 1H NMR (S2). 
Figure 1 shows XRPD patterns of 1⊃ABx samples. The data 
for guest-free 1 is fully consistent with the previously re-
ported large-pore (lp) tetragonal (P4/mmm) structure (S4-
5).44 For the lowest loading of trans-AB, 1⊃AB0.3, profile fit-
ting shows the tetragonal (P4/mmm) symmetry is retained, 
however reflections of a new phase also emerge. These are 
consistent with the orthorhombic (Cmmm) space group 
previously reported by Yanai et al.(S5),41 which arises from 
guest-induced breathing of the structure. The contraction 
of the framework around the trans-AB guest species dis-
torts the lp 2D square grid resulting in a narrow-pore (np) 
2D rhombic grid with reduced specific volume.41,43 The co-
existence of the tetragonal and orthorhombic phases sug-
gests that the guest-induced breathing is a local effect and 
the tetragonal lp structure is maintained in regions of the 
structure containing empty pores. As the loading level is 
increased, the intensity of the orthorhombic reflections in-
crease, and as saturation is approached in 1⊃AB0.9 the te-
tragonal lp phase is no longer observed. However, for 
1⊃AB0.9, in addition to the dominant orthorhombic np 
phase, weak reflections  
 
 
Figure 1. XRPD patterns of 1⊃ABx composites with loading 
levels between 0 - 1.  
corresponding to a new phase are observed. For the fully-
loaded sample, 1⊃AB1.0, the XRPD pattern is dominated by 
this new phase. A Le Bail fitting analysis showed good 
agreement with the tetragonal space group I4/mcm, which 
is the same as that adopted for 1 loaded with DMF 
(1⊃DMF) (S5). The unit cell dimensions have increased 
with a = b = 15.03 Å and c = 19.28 Å, with a volume of 4355.9 
Å3. However, there is a contraction, per formula unit, of the 
a = b cell length from 10.98 Å (1) to 10.63 Å (1⊃AB1.0), 
whereas the c cell length remains at 9.65 Å. This indicates 
that the BDC ligands (which are aligned along the a = b 
axes) distort due to the contraction of the pore around the 
occluded trans-AB molecules. Indeed, such distortion is 
observed for 1 loaded with DMF (1⊃DMF) whereby the lig-
ands undergo significant bending around the guest mole-
cules resulting in twisting of the Zn2 paddle wheel unit.44 
The volume per formula unit for 1⊃AB1.0 (1089.0 Å3) is re-
duced compared to that for guest-free 1 (1162.6 Å3); how-
ever, it is larger than the orthorhombic np phase (1042.0 
Å3) observed for 1⊃AB0.3 and 1⊃AB0.9. The volume per for-
mula unit for 1⊃AB1.0 is very close to 1⊃DMF (1091.8 Å3), 
which is consistent with the contraction of the pores 
around the guest molecules.44 
The observation of a new tetragonal np phase for 1⊃AB1.0 
contradicts previous measurements by Yanai et al. who re-
ported the orthorhombic space group for the fully-loaded 
structure. However, we note that this new phase is only ob-
served at very high loading above a molar ratio of 0.9 trans-
AB molecules per formula unit. Furthermore, through 
careful quantification of the loading level as described 
above, it was found that the vacuum treatment step in the 
loading procedure reduced the final loading level (S6). This 
step is necessary to remove excess trans-AB that is not oc-
cluded within the pores, but was also found to partially re-
move trans-AB molecules from within the pores. In order 
to achieve a fully loaded sample with a molar ratio of 1.0, 
the vacuum treatment time was reduced from six hours 
used in the previous work to three hours. This was still 
found to be sufficient to remove the excess trans-AB as ev-
idenced by the absence of crystalline trans-AB reflections 
in XRPD pattern (S7). We also note that Yanai et al. used a 
gas phase loading method whereas 1⊃AB1.0 in this study 
was loaded by melt infiltration. It may be possible that the 
loading method can affect the organization of AB mole-
cules inside the pores, leading to structural differences at 
high loading level. 
The shift to the new tetragonal np phase at high loading 
suggests that some global reorganisation of the structure is 
necessary to accommodate trans-AB at this level. It is note-
worthy that there is a mismatch between the length of the 
trans-AB molecule (11.3 Å) and the c axis pore dimension 1 
(9.65 Å). If the trans-AB molecules orient along this axis 
(which defines the main pore channel within the structure) 
it would not be possible to accommodate a single trans-AB 
molecule in each pore. Therefore, some degree of reorgan-
isation and partial stacking of trans-AB molecules along 
the c-axis may be necessary to reach the highest loading 
level, which in turn, leads to a partial expansion of the unit 
cell parameters and overall unit cell volume compared to 
the orthorhombic structure observed for lower loading lev-
els. 
To gain further insight into the guest-induced breathing 
of 1, 13C CPMAS NMR spectra were recorded (Figure 2). For 
guest-free 1, four resonances corresponding to the crystal-
lographically-distinct BDC and DABCO carbon sites are 
observed. The chemical shifts for carbons within the 
DABCO group are averaged by fast rotation around the 
central N…N axis to give a single resonance at 47.3 ppm.49 
The carbonyl and quaternary ring carbons are observed at 
171.0 and 137.4 ppm, respectively. The ring CH at 127.9 ppm 
is significantly broadened; we attribute this to motional 
broadening due to kHz-timescale ring-flipping dynamics 
which has previously been characterised by 2H NMR on 
deuterated samples.50 Indeed, a spectrum recorded at 80 °C 
(where the timescale of the ring flipping dynamics should 
 
be significantly increased) displayed pronounced motional 
narrowing of this resonance (S8). As the structure is loaded 
with AB, additional resonances corresponding to the guest 
species are observed, while chemical shift changes of the 
BDC and DABCO groups arise due to the guest-induced 
breathing. Considering the framework resonances, for 
1⊃AB0.3 the transition to the np orthorhombic phase is sig-
nified by the appearance of a new carbonyl resonance at 
174.1 ppm and a “shoulder” on the DABCO resonance at 
47.6 ppm. DFT chemical shift calculations for an empty 
framework constrained to the experimental unit cell di-
mensions of the orthorhombic np phase confirms that 
these changes are due to the distortion of the Zn2 paddle 
wheel motifs to which the carbonyl and DABCO groups co-
ordinate (S9). For 1⊃AB0.5, the relative intensities of the 
carbonyl and DABCO resonances associated with the or-
thorhombic phase increase, reflecting the increased pro-
portion of the framework that adopts this structure. As the 
loading level is increased further for 1⊃AB0.9, the 47.6 ppm 
DABCO resonance saturates and a new resonance is ob-
served at 48.4 ppm, consistent with the onset of the struc-
tural transition to the np tetragonal phase. This higher 
chemical shift is very similar to that observed for 1⊃DMF 
at 47.8 ppm (S10), suggesting that it arises from the twist-
ing of the Zn2 paddle wheel motifs due to the bending of 
the BDC linkers. In addition, a new carbonyl resonance is 
observed at 170.7 ppm which is slightly shifted from the 
carbonyl shift for guest-free 1 and is also similar to the car-
bonyl chemical shift for 1⊃DMF at 170.6 ppm (S10). DFT 
chemical shift calculations for an empty framework con-
strained to the distorted tetragonal np structure, with unit 
cell dimensions of 1⊃AB1.0, also agree with the experi-
mental shifts (S9). For the fully-loaded sample 1⊃AB1.0, the 
carbonyl resonance corresponding to the orthorhombic 
structure is no longer observed, confirming that the struc-
ture has fully converted to the tetragonal np phase. How-
ever, the DABCO resonance remains split with peaks of 
equal intensity at 47.6 and 48.4 ppm. This splitting is mir-
rored in the 1H MAS NMR spectrum which also shows two 
DABCO resonances of equal intensity (S11). This suggests 
the ordering of AB molecules within the pores of the fully-
loaded structure results in a subtle lowering of the local 
symmetry of the DABCO groups which is not resolved in 
the XRPD data. 
Considering the AB guest molecules, for the low-loaded 
samples 1⊃AB0.3 and 1⊃AB0.5, resonances corresponding to 
the C-N carbons and ring carbons are centred around 153 
and 120 ppm, respectively. The splitting of these reso-
nances suggests two crystallographically-inequivalent mo-
lecular conformations within the pores, which is consistent 
with the two DABCO resonances. For 1⊃AB0.9 and 1⊃AB1.0, 
the transition to the tetragonal np structure is accompa-
nied by changes in the chemical shifts of these sites, further 
suggesting that the AB molecules rearrange within the 
pores to achieve full loading of the structure. Interestingly, 
a DFT chemical shift calculation on an isolated molecule 
gives poor agreement with the observed shifts, with shifts 
for the C2 carbons expected at 110 ppm where none are ob-
served experimentally (S12 and S13). However, averaging 
shifts for sites on opposite sides of the six-membered rings 
gives good agreement with the observed chemical shifts 
(Figure 2). Such averaging suggests fast rotational dynam-
ics of the AB molecules within the pore. Indeed, a spectrum 
recorded at –31 °C showed a pronounced broadening of the 
AB ring resonances, consistent with a reduction in the 
timescale of the motional process (S13). One possible form 
of motion is fast flipping of the six-membered rings around 
the C-N axis; however, given the dense packing of the 
structure it is unlikely that there is sufficient space for this 
to occur (S14 and S15). Another explanation for the ob-
served averaging is fast pedal motion of the central N=N 
linkage, which would also have the same averaging effect. 
Dynamic pedal motion has been observed in crystalline az-
obenzenes but typically occurs on the timescale of tens of 
Hz at ambient temperatures,51,52 which is too slow to result 
in motional averaging (S16). For motional averaging to oc-
cur in 1⊃AB, the pedal motion must take place on a time-
scale faster than approximately 10 kHz (see S16 for more 
details). This corresponds to a reduction in activation en-
ergy by more than 11 kJ mol–1, meaning that the steric free-
dom must be significantly increased for the AB molecules 





Figure 2: 13C CPMAS NMR spectra of 1⊃ABx composites with 
different loading levels. Expansions of the DABCO reso-
nances are shown in the insets. Bottom: simulated 13C NMR 
spectrum of a single molecule of trans-AB assuming rota-
tional averaging around the N=N axis. 
3.2. Thermally-driven phase changes in 1⊃ABx. When 
guest species or functional groups are present in the pores, 
the topology of 1 is well-known to undergo thermally acti-
vated, fully reversible phase transitions from the con-
tracted np phase to the expanded lp phase with an associ-
ated phase transition enthalpy which can be observed by 
DSC.53–56 To investigate the thermal properties of 1⊃ABx, 
cyclic DSC measurements were performed in the range 0 – 
200 °C at a rate of 20 °C min–1 (Figure 3, S17). For guest-free 
1, no thermal features were observed, consistent with it re-
maining in the tetragonal lp structure over the temperature 
range studied. For 1⊃AB0.3, a small endothermic phase 
transition is observed at 124 °C. As the loading level is in-
creased, the onset temperature of the endotherm shifts to 
162 °C and the magnitude of the endothermic enthalpy in-
creases up to a maximum value of 21.6 kJ mol-1 for 1⊃AB1.0.  
Thermally-driven np-lp phase changes have been previ-
ously reported by Henke and coworkers for structurally 
analogous [Zn(fu-BDC)2(DABCO)] (fu = n-butoxy, 2-meth-
oxyethoxy) frameworks.54 The framework structures of 
these materials are identical to 1; however, the BDC ligand 
is modified with alkoxy groups which act as tethered guest 
species resulting in contraction of the structure to the np 
form at ambient temperature. The length of the alkoxy 
chain was found to modulate the thermo-responsive be-
haviour of the np-lp phase transitions, with linear substit-
uents of five non-hydrogen atoms having phase change en-
thalpies between 6.0 – 18.0 kJ mol-1, whereas shorter chains 
exist exclusively in the np form and longer ones in the lp 
form. The phase transition enthalpy of 21.6 kJ mol–1 for 
1⊃AB1.0 is larger than those observed in the previous work, 
which may suggest that stronger interactions (e.g., π-π in-
teractions) between the guest molecules or between the 
guests and the framework are involved.  
The cooling branches of the DSC traces show that the 
phase transition is fully reversible, with exotherms of very 
similar magnitude observed at similar temperatures. A 
slight hysteresis is observed, with the transitions during 
cooling taking place at slightly lower temperatures. Such 
hysteresis was also observed in DSC measurements of 
structurally-related frameworks undergoing reversible np-
lp phase transitions.54 However, the temperature differ-
ence between the endothermic and exothermic features re-
duces with reduced heating rate, confirming they arise due 
to the same process (S18). While the phase transitions in 
the 1⊃ABx composites are fully reversible, when samples 
were held above the phase transition temperature for an 
extended period of time, trans-AB was observed to desorb 
from the framework pores, as evidenced by a characteristic 
crystallisation at 69 °C during a full heating cycle (S19). Af-
ter eight minutes above the transition temperature, 19 % of 
the total trans-AB within 1⊃AB1.0 left the pores (S20). In 
such cases, the magnitude of the phase transition enthalpy 
on the subsequent heating-cooling cycle was reduced con-
comitantly. However, by optimising the heating rate and 
maximum sample temperature in the DSC measurements, 
it was possible to prevent the loss of trans-AB from the 
framework pores. TGA analysis of 1⊃ABx shows that the 
loss of trans-AB is negligible between 25 – 200 ˚C with a 
scan rate of 20 ˚C min-1 and that thermal degradation of the 
composite structure does not occur until 225 ̊ C (S21).   Loss 
 
of AB from the structure was also observed for low AB load-
ings over extended periods of time (5 days) at ambient tem-
perature. However, when the structure was fully loaded, no 
loss of AB was detected over a period of 30 weeks at ambi-
ent temperature. This suggests that the lp regions facilitate 
diffusion of AB molecules through the structure leading to 
their eventual desorption. For the fully-loaded sample, the 
global pore contraction associated with the np structure 
helps to immobilise the molecules within the pores.  
VT-XRPD studies on 1⊃AB1.0 between 25-180 °C show that 
the np tetragonal I4/mcm phase is stable up to 160 °C. At 
180 °C, the orthorhombic Cmmm phase is observed (equiv-
alent to the dominant phase in 1⊃AB0.9 at room tempera-
ture). This may reflect the fact that the prolonged heating 
during the XRPD experiment leads to some loss of AB from 
the pores, resulting in a slightly lower loading level. Unlike 
previous studies on functionalized analogues of 1, we do 
not see clear evidence that the thermal features observed 
in the DSC measurements correspond to a np-lp phase 
transition. However, the prolonged duration of the XRPD 
measurements compared to the DSC measurements, to-
gether with the loss of AB from the pores, may mean that 
short-lived structural changes are not observed. Figure 3 
shows that the magnitude of the phase transition enthalpy 
varies approximately linearly with the mole fraction of AB 
in the sample. Since the np framework adopts different 
structures throughout the compositional range (i.e., ortho-
rhombic and tetragonal), this linear relationship suggests 
that the phase change enthalpy is dominated by framework 
host-guest interactions or reorientation or rearrangement 
of the guest molecules rather than the intrinsic change of 
the framework structure itself. The lower phase transition 
temperature of 1⊃AB0.3 suggests that the large regions of 
guest-free lp framework facilitate the structural change 
that takes place in the minority np regions that are present. 
The thermally-induced reversible phase transition ob-
served for 1⊃ABx system gives it the properties of a ss-PCM 
and is reminiscent of organometallic and inorganic ss-
PCMs which store and release energy via crystallographic 
structure transformations or order-disorder transfor-
mations.57 The gravimetric energy density of 1⊃AB1.0 is 28.4 
J g–1, and the volumetric energy density based on the unit 
cell parameters of the tetragonal np phase equates to 33 MJ 
m–3. Both of these values are comparable to some organo-
metallic layered perovskite SS-PCMs58–61 but are lower than 
organic polymer-based SS-PCMs which can exhibit phase 
transition enthalpies in excess of 100 J g–1.62 The phase tran-
sition temperature of 162 °C for the higher loaded samples 
is higher than transition temperatures for organometallic 
layered perovskite SS-PCMs63–65 but significantly lower 
than fully inorganic metal-based SS-PCMs.57 However, the 
main limitation of 1⊃ABx as a SS-PCM is the loss of AB from 
the pores. Two of the key requirements of ss-PCMs are to 
be thermally stable over multiple heating cooling cycles, 
and to be able to store energy for extended durations above 
the phase transition temperature. For 1⊃AB1.0 the guest 
molecules leave the pores after an extended period above 
the phase transition temperature. Since pores that do not 
contain AB do not undergo an exothermic phase transition 
upon cooling, loss of AB from the pores at high tempera-
ture reduces the amount of energy that can be recovered 
from the material. Therefore, this system has limited via-
bility as a ss-PCM while the guest AB molecules are in the 
trans isomeric state. 
3.3. Light-induced structural changes and energy 
storage in 1⊃AB1.0. Yanai et al. have previously shown that 
the trans-AB guest molecules within the orthorhombic 
phase of 1⊃ABx exhibit photoisomerization upon exposure 
to UV light. To determine if photoisomerization also oc-
curs in the more densely packed tetragonal phase, 1⊃AB1.0 
was irradiated with 365 nm light for varying amounts of 
time. Subsequent solvent extraction of the guest AB mole-
cules followed by 1H NMR showed that photoisomerization 
to cis-AB takes place within 1⊃AB1.0 despite the dense pack-
ing of the molecules  
 
Figure 3. (a) First DSC cycles of 1⊃ABx between 0 – 200 °C at 
20 °C min–1, with heating branches in red and cooling 
branches in blue. (b) Endothermic phase transition en-
thalpies as a function of mole fraction of AB in 1⊃ABx sam-
ples. Phase transition enthalpies are derived from integration 
 
of the endotherms observed in first heats in the DSC experi-
ments and are expressed in terms of kilojoules per mole of 
sample at that composition. 
(S23). This was confirmed by FTIR measurements which 
show the formation of a double peak characteristic of the 
cis isomer at 697 cm–1. Figure 4 shows the proportion of cis-
AB molecules measured by 1H NMR for irradiation times 
between 0 – 300 minutes. The results show that a photo-
stationary state (PSS) of 40% is reached after approxi-
mately 300 minutes. This is lower than the PSS of ~80% 
that can be achieved in solution;66 however, additional ex-
periments with up to 7 hours irradiation did not increase 
the PSS beyond this value. 1⊃AB0.9 and 1⊃AB0.5 exhibited 
slightly lower PSSs, while that for 1⊃AB0.3 was significantly 
reduced at 13%. This suggests expansion of the framework 
with AB loading level may play a role in allowing AB to 
photoisomerise. At the same time, for 1⊃AB1.0, the dense 
packing of AB molecules inside the pores may result in ste-
ric effects either between AB molecules or related to the 
framework which place an upper limit of 40% on the num-
ber of molecules that can isomerise.  
XRPD measurements were also performed to monitor the 
structural changes that take place during UV irradiation. 
As the irradiation time increases, the reflections of the np 
tetragonal phase of 1⊃AB1.0 shift slightly and decrease in 
intensity and new reflections emerge (Figure 4, S24). As the 
fraction of cis-AB increases the relative intensity of the new 
phase also increases and after 300 minutes it dominates the 
XRPD pattern. The np tetragonal phase remains present 
but at a very low intensity. This suggests that the structural 
change is a global transformation which incorporates both 
the cis and trans isomers at the PSS, rather than segrega-
tion into separate cis- and trans-isomer containing do-
mains. This also further suggests that the maximum PSS of 
40% cis-AB is an intrinsic property of the system and is not 
due to incomplete light penetration, which would result in 
separate domains. For irradiated 1⊃AB1.0, the new phase 
was extracted, and a Le Bail fitting analysis showed good 
agreement with the same tetragonal space group I4/mcm 
(S24). There is a lengthening of the a = b unit cell length 
from 15.03 Å  to 15.41 Å, whereas the length of the c axis 
remains at 19.28 Å. Therefore irradiated 1⊃AB1.0, which has 
a unit cell volume of 4539.8 Å 3, remains partially con-
tracted compared to guest-free 1, although it is expanded 
in comparison to 1⊃AB1.0. The irradiation of the other 
1⊃ABx composites (x = 0.3, 0.5 and 0.9) also induced 
changes in the observed reflections (shown in Figs. S24a-
d). For 1⊃AB0.9, profile fitting shows that the contracted 
I4/mcm and the large pore P4/mmm phases are present 
(S24b). The conversion of the orthorhomic phase to the 
large pore tetragonal phase is consistent with work by 
Yanai et al.41 Interestingly, only small reflections of the ini-
tial orthorhombic phase are retained, which may indicate 
a preferential switching of AB molecules and a less con-
fined environment in the MOF pore. The emergent reflec-
tions in 1⊃AB0.3 and 1⊃AB0.5 were too small and overlapped 
with initial reflections to be accurately indexed.    
To gain insight into the local structural changes that take 
place upon irradiation of 1⊃AB1.0, 13C CPMAS NMR spectra 
were recorded for samples irradiated for different dura-
tions (Figure 5a). With increasing irradiation time, the 
most obvious changes are observed in the DABCO region 
where the intensity of the 48.4 ppm resonance reduces, 
while that of the 47.4 ppm resonance increases (S25). The 
1H MAS NMR spectrum (S11) also shows a loss of the high-
chemical shift DABCO resonance. This is consistent with 
the expansion of the unit cell dimensions observed by 
XRPD which suggests the BDC ligands in the tetragonal 
grid become less distorted. Such expansion would also re-
duce the distortion of the Zn2 paddle wheel units leading 
to a chemical shift for the DABCO group closer to that of 
guest-free 1. However, we note that the DABCO resonance 
in the 300-minute irradiated sample (47.4 ppm) is still dis-
cernibly shifted compared to guest-free 1 (47.3 ppm), sug-
gesting that some distortion remains.  Considering the ar-
omatic region (S26), isomerisation of the AB guest mole-
cules does not shift the BDC carbonyl resonance; however, 
the split quaternary carbon resonance (137.2 ppm and 136.7 
ppm) gradually merges into a single resonance (137.2 ppm). 
Resonances corresponding to the trans-AB  
 
Figure 4. (a) The proportion of cis-AB in 1⊃AB1.0 as a func-
tion of irradiation time as measured by 1H NMR. (b) Compar-
ison of XRPD patterns of 1⊃AB1.0 before and after irradiation. 
molecules decrease in relative intensity as they convert 
to the cis-isomer. However, no resonances characteristic of 
cis-AB are observed after 300 minutes irradiation (Figure 
5b). To investigate if dynamic effects may be responsible 
 
for the absence of these resonances, a spectrum was rec-
orded at a lower temperature of –31 °C (Figure 5b, S27). In 
this spectrum, two new resonances are observed at 156.9 
ppm and 118.3 ppm. A simulation whereby shifts for chem-
ically-equivalent species are averaged shows good agree-
ment with the experimental data (Figure 5, S28-29), sug-
gesting that the cis-AB molecules are undergoing rapid ro-
tational motion. The absence of cis-AB resonances at am-
bient temperature suggest that the timescale of the motion 
at this temperature broadens the resonances beyond de-
tection. Indeed, the non-linear geometry of cis-AB may fa-
cilitate molecular tumbling within the pores. When the 
temperature is reduced to enable observation of the cis-AB 
resonances, the fact that chemically-equivalent sites are 
averaged shows that there is still significant conforma-
tional dynamics of the molecule within the pores including 
rotation of the rings around the C-N and switching of the 
ring orientations with respect to the central N=N bond.  
Together, the XRPD and solid-state NMR data show that 
UV irradiation of 1⊃AB1.0 results in photoisomerization of 
the occluded AB molecules to the metastable cis-AB iso-
mer, which is highly dynamic within the pores. This is ac-
companied by a slight expansion of  
 
 
Figure 5. (a) Comparison of the DABCO region of 13C 
CPMAS NMR spectra of 1⊃AB1.0 for irradiation times between 
0-300 minutes. (b) 13C CPMAS NMR spectra of irradiated 
1⊃AB1.0 recorded at ambient temperature (corresponding to 
40 °C sample temperature due to frictional heating from 
MAS, top) and –31 °C (middle). A simulated 13C NMR spec-
trum of a single molecule of cis-AB with averaged chemical 
shifts for chemically-equivalent sites to mimic the effect of 
molecular rotation is shown below. 
the pores which can be rationalised in terms of straighten-
ing of the BDC linkers, resulting in a larger a = b unit cell 
dimensions. This is supported by the marginal shift which 
the carbonyl carbon of the BDC linkers see during irradia-
tion and the convergence of the DABCO resonance into a 
single resonance which resembles a structure like guest-
free 1. However, due to the slightly smaller cell parameters 
than guest-free 1, some distortion of the linkers is still pre-
sent as evidenced by the slight differences in carbonyl and 
DABCO shifts. 
 
To investigate the effect of UV irradiation on the thermal 
properties, DSC measurements were performed on 1⊃ABx 
samples with different loading volumes after 300 minutes 
UV irradiation (Figure 6, full data S30-34). For each loading 
level, the endothermic phase transition on the heating 
branch is significantly reduced and a small exothermic 
transition is subsequently observed. On the cooling 
branch, an exothermic phase transition is observed, as is 
the case for the non-irradiated samples. This behaviour 
was only observed in the first heating cycle; on the second 
cycle identical behaviour to the non-irradiated samples 
was observed on both the heating and cooling branches. 
Both XRPD and 1H NMR of solvent-extracted AB showed 
that after the first heating cycle on irradiated 1⊃ABx, only 
trans-AB is present. This shows that thermal cycling of the 
1⊃ABx composites causes thermal reconversion of the oc-
cluded metastable cis-AB to the ground-state trans-AB iso-
mer. Similar thermal reconversions have been reported by 
Grossman & coworkers for AB-containing systems where 
typically a single exotherm is observed for the thermal re-
conversion of cis-AB to trans-AB.33,34,67 The magnitude of 
the observed exotherm is dependent on the enthalpy dif-
ference between cis and trans isomers which can be af-
fected by local structure (confinement or intermolecular 
interaction), as well as inert structural units (such as poly-
mer backbone or counter-ions), and has ranged from 12 – 
173 J g-1 depending on the type of composite and the func-
tionalisation of azobenzene.21,28,68,69  
The expected magnitude of the cis to trans exotherm for 
1⊃AB1.0 with a PSS of 40% cis-AB is 21 kJ mol–1. This value 
was derived from an energy difference of 52.4 kJ mol–1 be-
tween the cis and trans isomers based on the DFT-
calculated energy difference for isolated molecules (S35), 
and taking into account the 40% PSS after 300 min irradi-
ation. The DFT-calculated energy difference is similar to 
other theoretical studies,29,34,68 as well as experimental val-
ues for AB and related systems.32,70,71 However, on the heat-
ing step in the DSC measurement, an exotherm of only 1.8 
kJ mol-1 is observed. It is also noteworthy that the exotherm 
on the heating step is significantly reduced for all 1⊃ABx 
samples studied, and the size of reduction is approximately 
linearly correlated to the proportion of AB molecules in the 
cis state (S34).  
A possible explanation for the observed thermal behav-
iour is that the endothermic phase transition and exother-
mic cis-trans thermal reconversion on the first heating 
branch occur simultaneously which leads to cancelling of 
both features. To investigate this, the enthalpy associated 
with reconversion from the cis to trans isomers at the PSS 
was calculated for each loading level (S35 and S36). Addi-
tionally, the expected energy difference due to cis-trans 
thermal reconversion of 1⊃AB1.0, at different irradiation 
times, as a function of the proportion of cis-AB were calcu-
lated (full data shown in S36-39). The calculated enthalpies 
for cis-trans AB relaxation in 1⊃AB1.0, at the measured pro-
portion of cis-AB, are very similar to the overall energy dif-
ference on the respective first heating branch (Figure 7a). 
This indicates that the energy differences are solely due to 
the thermal relaxation of cis-AB to trans-AB overlapping 
with the endothermic phase transition. Furthermore, the 
calculated energy of cis-trans AB relaxation from the initial 
charging experiments on the 1⊃ABx series is also similar to 
the reduction of energy in the first heating branch.  
Additional DSC measurements showed the onset of the 
endothermic phase transition does not vary with the heat-
ing rate and remains very close to the temperature of the 
non-irradiated sample (S40-47). Conversely, the onset of 
the following exothermic transition linearly increases with 
the heating rate,  
 
Figure 6. DSC cycles of irradiated 1⊃ABx between 100 – 200 
°C at a rate of 20 °C min-1 where the first heating branches 
are in red, and the first cooling branches are in blue. 
from 164–178 °C (S45-47). With faster heating rates, the en-
ergy of both transitions increases from 1.6 kJ mol–1 up to 3.4 
kJ mol–1. This suggests the thermally-driven cis-trans re-
conversion can only happen after the endothermic phase 
transition. If cis-AB molecules switch to the trans isomer 
at the beginning of the endothermic phase transition, then 
the onset of the associated exotherm will not be visible.  
Polymer-templated azobenzene STFs synthesised by Zhi-
tomirsky et al. observed the cis-trans exotherm onset tem-
perature at 120 °C,67 whereas a 2-ethylhexyloxy modified 
liquid azobenzene reported by Masutani et al. has a con-
siderably lower onset temperature (60 °C).32 The 2-
ethylhexyloxy-modified azobenzene is close to the intrin-
sic temperature for reconversion because it is in the liquid 
state where steric effects are minimal. The higher onset 
temperature for the polymers reported by Zhitomirsky et 
al. show that the increased steric effects in the solid-state 
 
can increase the temperature required for thermal recon-
version. The onset of reconversion for 1⊃AB1.0 takes place 
at an even higher temperature (156 °C) than both of these 
examples, suggesting a greater degree of confinement, and 
that it is associated with the phase transition which is nec-
essary to allow reconversion. The contraction of the frame-
work and resultant host-guest interactions with AB ap-
pears to inhibit the backward relaxation and stabilises the 
cis isomer.   
Unlike conventional STF materials, the full exotherm 
from the cis-trans reconversion is not fully observed in 
1⊃AB1.0. However, for the irradiated sample, the overlap of 
the endothermic phase transition and the subsequent cis-
trans thermal relaxation exotherm leads to a negligible net 
heat flow beyond the heat capacity of the composite on the 
first heating branch. However, at the end of the heating 
branch, the cis-AB molecules have thermally relaxed to 
trans-AB. The material then has the structural properties 
of non-irradiated 1⊃AB1.0 and therefore the exothermic 
phase change is observed on the cooling branch (S48). This 
means that over one full heating/cooling cycle there is a 
net energy output of 21.4 kJ mol–1 or 28.9 J g–1. This energy 
is indirectly derived from the stored energy in the metasta-
ble cis AB isomers. The total amount of energy stored in-
creases with UV exposure time (S49) and under the irradi-
ation conditions used in this work, within 120 minutes 
more than 85 % of the overall energy storage capacity is 
reached (corresponding to a PSS of 31%). It takes a further 
180 minutes to reach the maximum PSS of 40%. As ex-
pected, the total thermal energy released from each irradi-
ated 1⊃ABx composite increases linearly with the quantity 
of trans-AB loaded into the 1 framework (Figure 7b).  
The gravimetric energy density of 28.9 J g–1 for 1⊃AB1.0 is 
modest compared to other STF architectures such as 
nanocarbon-templated Azo-STFs (200 J g–1)35 and polymer-
templated Azo-STFs (90-104 J g–1).67,72 Organic ss-PCMs can 
have energy densities in excess of 100 J g–1 and organome-
tallic ss-PCMs show energy densities in the range 60-165 J 
g–1.62 However, one of the advantages of the MOF-based 
system is that solid-state charging to the PSS is readily 
achieved in powder form without the need to suspend in 
solution or cast into films. Indeed, a sample of 1⊃AB1.0 
which was left in natural light for 30 days was measured 
periodically and reached PSS of 32% cis-AB, corresponding 
to an energy density of 24.0 J g–1. Despite the lower gravi-
metric energy density, the gravimetric power density of 
1⊃AB1.0 at a cooling rate of –20 °C min–1 is 185 W Kg–1 which 
is comparable to some of the higher energy density poly-
mer templated azobenzene derivatives (100 - 250 W kg–1). 
This is because, although the magnitude of the exotherm 
is lower, heat is released at a faster rate over a much smaller 
temperature range. This highlights the advantage of a crys-
talline system where phase changes are very well defined 
and happens at a precise temperature so that there is fast 
and controllable energy release.  
Another important property of STFs is the duration for 
which energy can be stored under ambient conditions. For 
polymer and molecular azobenzene-based STFs, the half-
life of the cis-isomeric state is typically on the order of tens 
of hours in the solid-state, making these materials useful 
for e.g., daily repeat cycle applications. For irradiated 
1⊃AB1.0, no detectable cis-trans reconversion was observed 
over a period of 24 hours. To obtain an estimate of the half-
life, an irradiated sample was kept in the dark at 25 °C for 
four months, with portions extracted and quantified at reg-
ular intervals. Over this time, the cis population changed 
from an initial value of 40% at the PSS to 38% (S50). This 
change is still negligible and only slightly larger than the 
error associated with the measurement. Assuming first-or-
der kinetics and fitting to a monoexponential decay gives a 
half-life on the order of 4.5 years (S50). As already observed 
by 13C CPMAS NMR, the cis-AB molecules occluded in 
1⊃AB1.0 are highly dynamic but the restricted reconversion 
to trans-AB suggests a strong steric effect where the frame-
work imposes a large activation energy for the reconver-
sion to the trans state. The confinement of the cis isomers 
within the pores largely inhibits spontaneous reconversion 
to the trans isomer at ambient temperature. The extremely 
long half-life observed for 1⊃AB1.0 offers clear potential for 
the development of confined photoswitches for long-term 
or seasonal energy storage. 
Figure 7. a) Measured enthalpy difference on the first 
heating branch of irradiated 1⊃AB1.0 compared with the 
calculated energy difference of cis to trans AB in 1⊃AB1.0 at 
based on the PSS different irradiation times. b) Net gravi-
metric energy density of 1⊃ABx over a full heating cycle as 
a function of AB loading. 
 
4.CONCLUSION 
This work shows that MOFs incorporating confined pho-
toswitches offer interesting possibilities for solid-state so-
lar energy conversion and storage. The incorporation of 
 
trans-AB within the pores of 1 leads to a guest-induced 
breathing effect and a reversible phase transition which 
gives the composite the properties a ss-PCM, albeit with 
limitations due to the loss of guest molecules from the 
pores above the phase transition temperature. The precise 
nature of the reversible phase transition has not been fully 
established but it may involve reorientation or rearrange-
ment of the guest molecules and/or structural changes 
within the host framework. Irradiation with UV light con-
verts occluded AB molecules to the metastable cis isomer 
with a maximum PSS of 40%. The contraction of the pores 
around the guest molecules stabilises the cis isomer, re-
sulting in negligible reconversion over several months at 
ambient temperature. Thermal reconversion to the ground 
state trans isomer only occurs when the sample is heated 
above the phase transition temperature. For 1⊃AB1.0, the 
exothermic and endothermic enthalpies associated with 
the isomeric reconversion and the phase transition are 
comparable in magnitude and cancel each other, meaning 
only the exotherm is observed upon cooling. Therefore, 
over a full heating-cooling cycle, an overall thermal energy 
release is observed with a maximum value of 28.9 J g–1 for 
1⊃AB1.0.  
The structural properties of 1⊃ABx composites have been 
characterised in detail by XRPD and solid-state NMR, and 
reveal a structure where the guest AB molecules are con-
fined but remain highly mobile within the pores. This con-
trolled confinement appears to be key to the ability of the 
photoswitches to isomerise in the solid state, yet remain in 
the metastable state for periods of several years. The strat-
egy of controlled confinement of photoswitches within po-
rous materials opens the way for further optimisation of 
similar materials to obtain higher energy density. One way 
is through using photoswitches which achieve a higher PSS 
but retain an appreciable isomeric energy difference, such 
as functionalised AB derivatives73 or arylazopyrazoles74 – 
although any steric limitations on the PSS in these materi-
als must also be understood. Work by Schneeman & 
coworkers has also suggested that the onset temperatures 
and enthalpies of np-lp and lp-np phase transitions in the 
host framework can be modulated by doping with MII (M 
= Co, Ni, Fe, Cu) transition metal ions53 as well as com-
pletely exchanging the transition metal cations.56,75 Work 
is ongoing in our laboratory to explore these possibilities. 
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